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Abstract. The phylogenetic relationship of a nonflagellated, Gram-negative, rod-shaped intracel-
lular bacterial parasite (BEV) of the leafhopper Euscelidius variegatus to other bacteria within
the class Proteobacteria was determined by sequence analysis of 16S rDNAs. The presence of
specific signature nucleotides showed this bacterium to be a member of the -3 subdivision of
the Proteobacteria. Phylogenetic analysis based on maximum parsimony placed BEV within a
clade in the Enterobacteriaceae, which includes a number of bacteria that are facultative
symbiotes of insects and have a common ancestor with Proteus vulgaris. Within this clade,
BEYV is most closely related to a bacterium identified as the secondary endosymbiote of another
homopteran, the pea aphid, Acyrthosiphon pisum.

Many homopterous insects (e.g., aphids, scale in-
sects, whiteflies, leathoppers, etc.) have an intimate
association with bacteria that are harbored intracel-
lularly. Because of their physiological and biochemi-
cal dependence on the host, these bacteria either
grow poorly in culture or are unculturable outside of
the host insect. In the past, the difficulty in growing
these bacteria has prevented the determination of
their taxanomic affiliation [3, 10, 24, 25]. This prob-
lem can now be circumvented by using 16S rRNAs
or their genes (16S rDNAs) as a basis for estimating
the phylogenetic affiliation of bacteria [27]. Re-
cently, the phylogenetic positions of endosymbiotic
bacteria of a number of homopterans in the suborder
Sternorrhyncha have been determined with this ap-
proach (aphids [15], mealybugs [16], and whiteflies
[5]). To date, none of the intracellular bacteria asso-
ciated with insects in the other suborder of the Ho-
moptera, Auchenorrhyncha (leathoppers, planthop-
pers, etc.) has been identified [10, 24].

A Gram-negative, rod-shaped bacterium was re-
cently found to infect various internal organs of
adults and nymphs and eggs of a leafhopper, Eusceli-
dius variegatus. This leathopper is commonly found
on a wide variety of plants throughout Europe, Asia,
and North America [9]. This bacterium, given the

trivial designation of BEV, was found in all individu-
als examined in colonies of E. variegatus in France,
but was not present in individuals from laboratory
colonies in California. Uninfected females of
E. variegatus inoculated with cultures of BEV
transmitted the bacteria to their progeny. The in-
fected offspring had significantly reduced longevity
and fecundity and required a longer period for
nymphal development. However, BEV was highly
pathogenic when injected into other species of leaf-
hoppers. On the basis of these observations, BEV
has been regarded as a facultative bacterial parasite
of E. variegatus [18, 19].

Euscelidius variegatus is a vector of many plant
pathogenic mollicutes including Spiroplasma citri
[13], and etiological agents of clover phyllody [8],
aster yellows [22], and X-disease [11]. Current inter-
estin BEV results from the observation that individ-
uals of E. variegatus infected with BEV show a
significantly reduced ability to transmit several plant
pathogens. BEV is also a lethal pathogen to several
other species of leafhoppers. Attempts to determine
the definitive taxonomic identity of BEV by use of
morphological and physiological characteristics
have been unsuccessful [19]. In this report, we pre-
sent the phylogenetic position of BEV within the
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Proteobacteria on the basis of molecular phyloge-
netic analysis of 16S rDNAs.

Materials and Methods

Bacteria were isolated from a colony of E. variegatus that had
been infected years earlier by injection of nymphs with a suspen-
sion of BEV [19]. The medium used for isolation was Difco purple
broth with 1.5-2.0% agar, acidified to pH 6.3 with 0.1 N HCl.
Lawns of cultured stocks were prepared on purple agar plates
covered with aluminum foil and incubated at 37°C overnight. The
procedures used for determining morphology, physiology, and
biochemical characteristics were described previously [19].

Procedures for isolation, amplification by polymerase chain
reaction (PCR), and phylogenetic analysis of 16S rDNAs were
similar to those previously described [4]. The following is a sum-
mary of these procedures. Genomic DNA was isolated from bac-
teria harvested from plates according to the methods of Sambrook
et al. [21]. PCR [20] was used to selectively amplify double-
stranded 16S rDNA for 30 cycles according to procedures out-
lined in the Gene Amp® kit (Perkin Elmer/Cetus, Norwalk, Con-
necticut). The PCR primers were: forward 5'-CAT GGC TCA
GAT TGA ACG CGT GCG-3', and reverse 5'-CCC CTA CGG
TTA CCT TGT TAC GAC-3’ (positions 18—41 and 1494-1517 of
the E. coli numbering system, respectively, {1]). Cloning of the
amplified 16S rDNA was performed with the TA Cloning™ ver.
1.0 kit (Invitrogen, San Diego, California). Both strands of 16S
rDNA clones were sequenced with the Sequenase® ver. 2.0 DNA
sequencing kit (US Biochemical, Cleveland, Ohio).

Preliminary analysis of the sequence similarity of BEV 16S
rDNA to other eubacterial 16S rDNAs was performed by a krup
algorithm search [12] of 16S rDNA sequences deposited with
GenBank® (Release 71.0, March 15, 1992) with the GeneWorks
ver 2.0 computer program (Intelligenetics, Mountainview, Cali-
fornia). The phylogenetic affiliation of BEV was determined by
parsimony analysis of 16S rDNA sequences using PAUP [23].
Candidate taxa used for parsimony analysis included bacteria
which showed similarity to BEV, as indicated by the database
search, and other bacteria known to have an intraceHular associa-
tion with arthropods. All these bacteria were in the y-3 subdivi-
sion of the Proteobacteria. Sequences were aligned according to
conserved regions of sequence and secondary structure [17]. The
tree was rooted with Wolbachia persica, a tick-borne bacterium
more closely affiliated with bacteria in the y-2 than the y-3 subdivi-
sion [3, 26]. Transitions and transversions were weighted equally,
gaps were scored as missing data, and uninformative sites were
ignored. The data matrix consisted of 300 informative characters
and 12 taxa. The parsimony analysis was performed by use of the
“‘bootstrapping’’ option to obtain a 50% majority-rule consensus
tree after 100 replications.

Results and Discussion

PCR amplification, cloning, and sequencing. Ampli-
fication of 16S rDNA of BEV yielded a singular band
of approximately 1500 bp. Three clones with the full
16S rDNA insert were obtained (pBEV-2, 4, and 9).
All three clones yielded identical fragment patterns
with respect to digestion with either EcoRI, Alul or
Hphl endonucleases. The 16S rDNA of BEV had a
GC composition of 54% and possessed particular
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signature sequences representative of the y-3 subdi-
vision [28]. The sequence is presented in Fig. 1 and
is also deposited with EMBL as accession number
714096 BEV16SRRN.

Phylogenetic analysis of BEV 16S rDNA.. The phylo-
genetic analysis of 16S rDNAs placed BEV in a
monophyletic clade which included a number of bac-
teria in the Enterobacteriaceae (Fig. 2). The forma-
tion of this clade was represented by a relatively
high bootstrap confidence index of 95. This clade
included a number of other bacteria considered to
be symbiotes of insects. These symbiotic bacteria
included the ‘‘son-killer’’, Arsenophonus nasoniae,
which prevents development of unfertilized eggs
(male offspring) in a parasitic wasp [7]; the bacterial
symbiotes of rhynchophorine weevils in the genus
Sitophilus [4], and the secondary symbiote of the
pea aphid, Acyrthosiphon pisum [25]. This clade of
insect bacterial symbiotes also included the well-
known enteric, Proteus vulgaris. Escherichia coli
was placed in a branch outside of this clade. The
primary aphid endosymbionts, Buchnera aphidicola
[14], were firmly placed in a clade paraphyletic to
the Enterobacteriaceae as indicated by a bootstrap
index of 100. The inclusion of aphid primary endo-
symbionts in a monophyletic group of the y-3 subdi-
vision outside the Enterobacteriaceae in our analy-
sis is in accordance with previous findings [15].
Ruminobacter amylophilus was placed ancestrally
to the other members of the y-3 subdivision ana-
lyzed, in agreement with earlier findings [15].

Conclusions

1. Of the bacterial taxa examined in our analysis,
BEV has the closest evolutionary relationship to a
bacterium in the Enterobacteriaceae referred to as
the secondary symbiote of the pea aphid. This aphid
is the only aphid in which this bacterium has been
detected (unlike B. aphidicola, which has been
found in all aphids examined to date [15]).

2. This finding is of interest in view of the fact
that the pea aphid and E. variegatus are both mem-
bers of the insect order Homoptera, and both bacte-
ria are presumably restricted in their host-species
range. These two homopteran symbiotes are proba-
bly distinct species, as indicated by only 88% homol-
ogy of nucleotides in their 16S rDNAs [6] (Fig. 1).

3. Future efforts to determine the phylogenetic
affiliation of the symbiotic bacteria of other leafhop-
pers and related homopterans [2, 10, 24] should re-
veal whether these bacteria constitute a coherent
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BEV 165 IONA ATGGCTCAG ATTGAMCGCT GGCGGCAHGC CTAACACATG CAAGTCGAGC G Ada agdedreTre crgecesddr addsc dodaceeeTq
Apisum S 165 ONAICATGGCTCAG ATTGAACGCT GGCGGCANGC CTAACACATG CAAGTCGAGC Aga adadaceTTs cTdreTTiq GG QAAACGGGTY
E col 165 IDNA  [CATGGCTCAG ATTGAACGCT GGCGGCMGC CTAACACATG CAAGTCGAAC G gr adrdAGCTTG CTQrTT- Adlce QedAcGeaTd

BEV 165 rONA GTAFCCT T TAGCTAATAC GGGGA CCTTE4RGCG

Apisum S 165 'ONAPGTAITHTCT GGGHAT TAGCTAATAC GGGGA CCTIERGGC

£ coli 185 IDNA STNTR:CT G ™ TAGCTAATAC 6666A ceTdoced
L et ned

BEV 185 rDNA cE;'c:ﬂ: Fdcece A GATT AG Go T G cQACEAT [FTAGCTGGTC TGAGAGGAT: ACCAGCCAC

Apisum S 185 DNA s deATdhAcCe A GATT AG 56 T ¢ GAACGATr [CTAGCTGETC TGAGAGGATh faccaceea

EcoitesONA 1T .u. qeATdracce A GATT AG s 3T 6 crcGATd [eTAGCeTGETe TeAGAGEATE Jaccaccea
e

BEV 165 DNA TGGAACTGA GACACGGTCC AGACTCCTAC GGGAGGCAGC AGTGGGGAATATTIGCACAAT GGGCOQPAGE CTGATGCAGE MATGCCGCCT G CANGAR

Apisum S 16S rONAICTGGAACTGA GACACGGTCC AGACTCCTAC GGGAGGCAGC AGTGGGGAATATTGCACAAT GGGCGMAAGC CTGATGCAGC MATGCCGCGT GTRTGAAGAN
£ coki 185 tDNA [CTGGAACTGA GACACGGTCC AGACTCCTAC GGGAGGTAGC AGTGGGGAATATTGCACAAT GGGCRQAAGC CTGATGCAGC HATGCCGCGT [T GAAGAN

BEV 16S rDNA IGGCCTTHGGE TTGTAAA CTTTCAGCGR JGGAGGANGGC AATMACQTIGC FIGAYTGACGT TAQUCGCAGA AGAAGCACCG GCTAACTCCG
Apisum S 16S rONAGGCCTTRGGG TTGTAMA CTTTCAGC GAGGAMLAA QTAATARTETTRT MIrcdTGACGT TACKKCGCAGA AGAAGCACCG GCTAACTCCH
£ coli 185 'DNA GCCTTHGGE TTGTAAA CTTTCAGCGE IGGAGGANGGS TAATACCITIGC MEATTGACGT TACHCGCAGA AGAAGCACCS GCTAACTCCH

[3]

€y

BEV 16S rDNA GCCAGCAGC CGCGGTAATA CGGAGGGTGL AAGCGTTAAT ZTGGGLGTAMAG ﬁ Apse HeoTTHTIA Asdor GARRTCOGRS
Apisum S 165 rONA[TGCCAGCAGC CGCGGTAATA CGGAGGGTGC AAGCGTTAAT bCTGGGCGTAMG [Acdicdirce WGGTTTRITA AG TGT GAAATCCEA
E coli 185 rDNA GCCAGCAGC CGCGETAATA CGGAGGGTGC AAGCGTTAAT CTGGSCCTAAAG % o6 HOCTTTHTTA ACTEAQGT GAAATCCOEG
BEV 165 rDNA tiaaceT TT76C ATrcAAHACT u?fhnb CGTAGAGGGAGGTAG AATTQHAGGT GTAGCGGTGA AATGCGTAGA HATCTGGAGQ
Apisum S 185 rONAJG6CTH AR CCT cr6c ATETdMRACT e TCGTAGAGGGMGGTAG AATTCHAGGT GTAGCGGTGA AATGCGTAGA MATCTGGAGH
E coh 165 DNA cc 2T6C ATETQATACT ¢ TCGTAGAGGQGGSTAC AATTCKAGET GTAGCGGTGA AATGCGTAGA HATCTGGAGH
BEV 18S IDNA AT ACeT6 GCaANdSes CcaHccThdAC GARIRCTGAC [SCGAAAGCGTGG GGAGCAAMCA GGATTAGATA CCCTGGTAST CCARTAETA
Apisum S 165 DNA JRATACTSTG GCGAMASCGS ClccTRARS GANACTGAC IGCGAAAGCGTGG GGAGCAAACA GGATTAGATA CCCTGGTAGT CCAGRGIA
E. col 165 DNA  AATACTHETC GCGARASCGE CHCCTRGAT GAMJACTGAC JCCSAAAGCGTGS GGAGCAMACA GGATTAGATA CCCTGGTAGT CCAFGFTA
-] L

BEV 165 rDNA cGaTeTeG AITTGaAsET Teipdedr s AddeTdk T recqdkdTARCe T TCGACCGCCT HGo@JAGTAC GGLCGCARGE [ ARANY A
Apisum S 185 IDNA LACGATGTCG MITTGGAGET TCIFRCRAC A 5T T TCC TAACGHTT [TCGACCGCCT HGSEIAGTAC GGCCGCAAGS KT AAANTH
E cofi 16S IDNA  [AACGATGTCG MITTGGAGET TeTEER TR Adderakr TecdHabdrancedd-mank heaaccecer ASTAC GGCCGCAAGG I A
BEV 165 rDNA AATGAATTGA CGGEGHCdhc YACAAGCGET GGAGCATGTG GTTTAATICG ATGCAACGCG AR-GRCCTTA CCTpdreTTe AcATcanbAc ArFtacdn
Apisum S 168 DNA PATGAATTGA CGGSHI T 4ACAAGCGGT GGAGCATGTG GTTTARTTCGATGCAACGSG AMABACCTTA cotbdreTTc AcATCCARAC AMNHE-=1A
E coli16S DNA  [AATGARTTGA CGGGERTTG QACAAGCGST GGAGCATGTG GTTTAATTCGATGCAACGCG AMGRACCTTA CCThdreTTe ACATCCAR F 7
BEV 16S rONA 2T7CG0 GAEJTGAG ACAGGTGCIG CATGGCIGICGTCAGCTCG. GTTGTGAART GTTGGOTTAR GICCCGCARE GAOCOCAAC
A.pisum S 165 rDNA P TTTCGC GMITGTGAG ACAGGTGCTG CATGGCTGTCGTCAGCTCET GTTGTGAAAT GTTGGGTTAA GTCCCGCAAL GAGCGCAACH
E coi 165 DNA A 2TTC66 GAEQTGAG ACAGETGCTG CATGGCTGTCGTCAGCTCGT GTTGTGAAAT CTTGGGTTAA GTCCCGOAAC GAGCGLAACH
BEV 165 rONA TINHI T GT16CCAGts 6306 GAACTCARG GAGACTGCONC P TAMRY [FRAGAARGET GOGGRGACE TCAAGTCATC ATGGCSCITA
Apisum S 185 DNATTATIETT GTT6CCAGCs Biicodiccs GAACTCAdAS GAGACTGCARCTHATAAA T [GGAGGAAGGT GGGGAGACG TCAAGTCATC ATGGCCCTTA
E cor16S ONA  [CTTAIHG T GTTGCCAGCS [ITGGSs GAACTCARRG GASACTGCQRCTHATAMAGT GGAGGAAGGT GOGGAGACG TCARGTCATC ATGGCCCTT.
BEV 165 rDNA -f2.GG5C TACACACGIG CIACARTGR GERIACARAG AGAAGAIRL<C G A AcEdaccT CATAARGTRC dTCGTAGTCD FGaAeT]
A.pisum S 165 rDNA QAGGGS TACACACGTG CTACAATGE TRRTACARAG AGAAGTHARTC SAC ARGORAACCT CATARAGTRA MTCGTAGTCC " 56AST
E. cob 165 rDNA QrGGEC TACACACGTG CTACAATGR GQATACAAAG AGAAGAHACCT SAGC AAGTGEACCT CATAAAGTGC GTCGTAGTCC - GGAGT
BEV 185 rONA dE5CaATTCE ACTCCAGAM GTCGGARTCG CTAGTAATCG THGATCAGAA TGQYACGGTG AATACGTICC CGOGCCTTCT ACACACEGCC COTCACATCA
Apmum S 165 ONA qTGCAACTCG ACTCCAHGAR GTCGGARTCG CTAGTAATCG THGATCAGAR TGQACGGTS AATACGTTCC CGGGCCTTGT ACACACCGTC CGTCAZASS
E cob 165 ONA  QTGCAACTCG ACTCCAIIGAA GTCGGAATCG CTAGTAATCG THGATCAGAA T6QdACGGTG AATACGTTCC CGGGCCTTGT ACACACCGEC CGTCACASCA
BEV 165 DNA TGGGAGTGGG TIGCAAARG, GG CGCTTACCAC TTTGTGAITC ATGACTGGGG TGARG:CGTA MCARGGTAAT
A.pisum S 165 rDNA [T56GAGTGGG TTGCAAAAGA 155 CGCTTACCAC TTTGTGATTC ATGACTGGGG TGAAGTCGTA ACAASGTAAD
E. col 165 IDNA  [TGGGAGTGGG TTGCAAAAG 3G CGCTTACCAS TTTGTGATTC ATGACTGGGG TGAAGTCGTA ACARSGTAA]

BEV 18S rDNA KGTAGGSY
A.pisum S 165 tDNA [CCTAGGEY
E. cob 165 tDNA KGTAGGGYH

Fig. 1. Alignment of 1498 bp portion of the 16S rDNA (amplified by PCR) from BEV, a bacterial symbiote of the leafhopper Euscelidius
variegatus, to the 16S rDNAs of the secondary symbiote of the aphid, Acyrthosiphon pisum (nucleotides 18-1522) and Escherichia coli
(nucleotides 18-1516). Boxes indicate positions of nucleotide homology in all three bacteria. Each full line of sequence consists of 100
bases.
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Fig. 2. Phylogenetic tree showing evolutionary affiliation of BEV within the Enterobacteriaceae. The tree was generated by phylogenetic
analysis of 16S rDNAs on the basis of maximum parsimony by use of the consensus of 50% majority-rule of 100 bootstrap replicates.
Indices in parentheses indicate bootstrap confidence levels for particular nodes; numbers not in parentheses are branch lengths. Bacteria
include representatives of the y-3 subdivision except for Wolbachia persica. Underlined bacteria are those which have a symbiotic
relationship with various arthropods. The bacteria are abbreviated as follows: Anas (Arsenophonus nasoniae), Pvul (Proteus vulgaris),
Sory (symbiote of Sitophilus oryzae), Szea P (primary symbiote of Sitophilus zeamais), Szea S (secondary symbiote of Sitophilus
zeamais), BEV (symbiote of Euscelidius variegatus), Acpi S (secondary symbiote of Acyrthosiphon pisum), Ecol (Escherichia coli),
Sgra (symbiote of Schizaphis graminum), Acpi P (primary symbiote of Acyrthosiphon pisum), Ramy (Ruminobacter amylophilus), and
Wper (Wolbachia persica, outgroup). Tree length = 734 steps; consistency index = 0.619; f-ratio = 0.21.

phylogenetic assemblage, which includes BEV and
the secondary symbiote of the pea aphid.
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